The responses of single neurons in the primary (AI) and secondary (All) auditory cortical fields of waking cats were recorded during presentation of sequences of five iso-intensity tones. Tonal contour was varied by employing sequences that either increased or decreased monotonically in frequency, or in which contour was non-monotonic. The vast majority of neurons in both auditory fields (84%) exhibited sensitivity to tonal contour, that is, the response to at least one frequency (usually more) in a sequence differed significantly between two or more types of contour. Although all of the mechanisms involved have not been identified, the serial position of a tone within a sequence could explain some of the findings. Responsivity may also depend upon the magnitude of the interval difference between two consecutive tones. Additionally, contour per se could be effective even for neurons that were not sensitive to differences in type of contour; for example, responses to the same tones could be facilitated when presented in sequences of different frequencies compared to sequences of the same frequency. Further, the range of frequency response and the best frequency of a neuron may depend upon whether these parameters are determined using isolated tones or contoured sequences. Finally, omission of one tone within a sequence produced significant modification of response to other tones in most (87%) cells, with effects extending up to 3 sec following the the gap. Neurons in both primary and secondary auditory cortical fields displayed all effects, the only difference was that neurons in All were more likely to exhibit sensitivity to tone omission than those in AI. The findings are discussed with reference to neurophysiological and psychophysical data. We conclude that the effects of contour and other aspects of tonal sequences are detectable at the level of single neurons in auditory cortex of waking animals and that the use of dynamic stimuli is likely to be critical for a neurophysiological account of music perception and the perception of other complex acoustic stimuli.
Introduction
This article summarizes findings concerning the responses of single neurons to various sequences of pure tones. The permutation of such sequences has provided a means for manipulating contour. It is of some interest that contour is among the first higher-order aspects of auditory perception that is perceived by human neonates (Dowling, 1982) . In addition to the potential relevance of the study of contour to music perception, we have been convinced of the importance of using sequences of stimuli to investigate cortical sensory function on the basis of theoretical developments in cortical network simulations (Shaw, 1978; Pearson et al., 1983 ; Shaw, Silverman, & Pearson, 1985) .
We have asked a fairly simply question: Are single neurons in the auditory cortex of animals sensitive to tonal contour? In the following pages, we provide strong evidence for an affirmative answer. Some of these findings have been reported previously (McKenna, Diamond, &C Weinberger, 1984; McKenna, Weinberger, &c Diamond, submitted).
Methods
The methods of obtaining and analyzing the discharges of single neurons in the auditory cortex of waking cats were identical to those reported previously ( . Briefly, single unit discharges were obtained using tungsten microelectrodes while the animals were under standard muscle block (gallamine triethiode) and artificial respiration. As described in extensive detail elsewhere, (viz., McKenna et al., 1988) physiological and behavioral monitors ensured that animals were comfortable during the several hours of each recording session, at the end of which they were returned to the animal quarters. Subjects remained in excellent health and were employed in up to four recording sessions over a period of a few months.
Constancy of the acoustic stimuli was obtained by (1) preventing head movements with respect to the sound source, (2) eliminating middle ear muscle contractions by muscle block and (3) using a calibrated sound delivery tube and calibrated probe condenser microphone inserted through a seal into the tube so that sound pressure levels could be accurately measured within the ear canal. Stimuli were presented to the ear contralateral to the recording site under computer control which permitted presentation of designated frequencies and intensities. Tone bursts were shaped by an acoustic gate (5 msec) to exclude transients.
Sequences consisted of five tones (pentads) in which tone intensities (50-80 dB, SPL), durations (300 msec) and intertone intervals (300-900 msec) were all equal for a given set of comparisons. In order to obtain sufficient reliable data, sequences were present repeatedly (usually 25 times); intersequence intervals (offset of Tone five to onset of next Tone one) were 900, 1500, or 1800 msec, depending on intertone intervals of 300, 600, or 900 msec, respectively.
All neurons were tested using sequences consisting of five different frequencies, selected to include the frequency to which the neuron was maximally responsive ("best frequency," BF). Tonal contour was varied by presenting the same set of different frequencies in ascending or descending order or a nonmonotonic sequence (hereafter called "mixed").
The mixed sequence was derived from the monotonie ascending and descending sequences by imposing the following constraints: (1) adjacent tones (serial positions 1-5) could not be of adjacent frequencies; (2) the first and last frequencies could not be the same as used in the monotonie ascending and descending contour sequences; (3) the third tone must be identical in the mixed as well in the ascending and descending sequences. The first two conditions were imposed to render the mixed sequence as different as possible from the ascending and descending sequences. Keeping the third tone the same did not promote maximum differences between contour types, but was deemed important for the following reason. Changing contour involves change in the serial position of a frequency within a sequence. This confounding of change of contour and position could be avoided for one tone (Tone 3) so that changes in response to this tone could be attributed to changes in contour rather than serial position. Two mixed pentads met these conditions: 2-5-3-1-4 and its retrogression 4-1-3-5-2. We arbitrarily selected the former; time constraints involved in continuously recording from a single neuron did not permit using two types of mixed sequences.
Additionally, in many cases, recordings were obtained in which all five tones were the same frequency ("monotones"). We consider these sequences as "no contour" controls. Strictly speaking, of course, frequency sequences must have some contour; in the case of montone sequences, the contour is "horizontal," but we prefer the "no contour" terminology for purposes of exposition.
Also, many neurons were tested using single isolated tones ("isotones"). Finally, for some neurons, one tone of the pentad was omitted, as explained in Results. Figure 1 provides a summary of the various types of acoustic stimuli employed.
Results

Responses to Sequences Consisting of the Same Tone
Before considering how contour may influence the responses of single neurons in auditory cortex, it will prove helpful to begin with simpler acoustic stimulation, specifically sequences in which all frequences are identical ("montones").
Historically, auditory neurophysiology, including investigation of auditory cortex, began with the study of animals under general anesthesia for convenience and optimal stimulus control. The majority of studies still employ some type of general anesthetic. Data from an anesthetized animal are presented in Figure 2A . Monotone sequences were presented for the best frequency of the neuron. Note the large response to the first tone of the sequence and the weak responses to the subsequent four tones of the monotone pentad. This type of finding is common under general anesthesia and forms part of the extensive data base indicating that anesthesia generally depresses the brain in general and the cerebral cortex in particular (Abeles & Goldstein, 1970 Nicoli & Madison, 1982) . Given the weak or absent responses to most tones, we could not undertake the study of contour and related effects in the anesthetized animal.
Within the unanesthetized animal, responses to monotone sequences never exhibited such depression. Figure 2B presents an example of responses to a monotone sequence from the auditory cortex of a waking cat. Fig. 1 . Summary of types of acoustic stimuli and sequences used. The musical notation is for general illustrative purposes only and does not necessarily depict any actual sequence. Frequencies employed were not related (e.g., as thirds, fifths), but rather selected to cover the range of frequencies to which individual neurons were responsive. Tone duration = 300 msec and intertone interval = 300 msec in this and all other figures, unless otherwise noted. Note the responses to all of the five tones and the absence of response depression (compare with Figure 2A ). While such strong responses are not the most common type of response obtained in waking animals, they are virtually never seen under anesthesia. Another example of responses in the waking animal is given in Figure 2C . These data were specifically selected to highlight the fact that large responses can be elicited by subsequent tones in the pentad even in cases in which the first tone elicits a very weak response. An even more striking example is presented in Figure 2D : large responses to Tones 2-5 follow no response to Tone 1. This type of effect appears to be due to a "requirement" that two tones be given within a fairly brief (e.g., 300-600 msec) time span to obtain response to the second tone. Support for this conclusion is provided in the lower panel of Figure 2D , in which the third tone was omitted. Note that the cell responds only to the second and fifth tone, that is, the second tone of each pair.
We will return to the effects of omission in a later section. For the present, we emphasize the absence of depression of response to montone sequences in waking animals in contrast to anesthetized subjects. Lack of depression in sequences is a prerequisite for investigation of neuronal sensitivity to tonal contour.
Effects of Frequency Contour
As described in Methods, tone contour was presented in three types: ascending, descending, and "mixed" frequencies. Our test for an effect of tone contour on neuronal response was based on comparison of the responses to the same frequency when it was presented in two or all three contours. The criterion was a statistically significant difference in response for at least one of the five frequencies between two of the contour types. In practice, contour usually affected more than one frequency.
An example of the effects of contour on the discharges of a neuron in primary auditory cortex is presented in Figure 3 ; a statistical summary of the results is given in Figure 4 . Ascending, descending, and mixed contours were presented within the frequency response domain of this cell. There were clear effects of varying contour. Comparisons between pairs of contours yielded significantly different responses at two or three frequencies; the cell responded more strongly to 11.0 kHz for the ascending ( Figure  3A,B) vs. the descending contour ( Figure 3C ) but better to 10.0 and 13.0 kHz for the descending vs. the ascending sequences. Responses to the mixed contour ( Figure 3D ) also differed from the ascending and descending sequences. Responses to the other two frequencies (12.0 and 14.0 kHz) were not significantly different for any comparisons of the three types of contour (Figure 4) .
It should be noted that responses to a given contour are quite stable. Thus, within a series of 25 repetitions, there was no trend for buildup or habituation (Figure 3) . Furthermore, across sequences, response profiles The two ascending sequences were presented 45 min apart, the other sequences were presented during that period. Rasters above each histogram denote discharges for each repetition of the sequence, read from top to bottom. Number of sequences = 25; bin size = 10 msec. Note the reliability of discharges within each sequence, as denoted by similar raster patterns for each presentation of the same sequence within a contour type (ascending, descending, mixed). Note also the reliability between repetitions of the ascending sequences. Discharges to the same tone varied significantly between different contour types for some frequencies, for example, response to 11.0 kHz was greatest in the ascending sequence. could be replicated. In the present case, the ascending contour gave the same responses when presented again after an interval of 45 min. (compare Figures 3A,B) .
The fact that contour can affect responses to some frequencies but not others within the same pentad strongly suggests that the effects do not reflect a general change in neuronal excitability. Further evidence of this selectivity is presented for another neuron in primary auditory cortex that responded well only to one frequency (4.0 kHz), and only when it was presented in the ascending contour ( Figure 5A ). As usual, the effects of contour were reliable (compare Figures 5A,D; see also Figure 5G ).
The vast majority of neurons (65/70, 82%) was affected by tonal contour. There was no statistically significant difference in the proportion of neurons sensitive to different contours between AI (42/47) and All (23/23). This is interesting because neurons in AI were generally more narrowly tuned than those in All (Phillips ôdrvine, 1981) , so that sensitivity to contour appears independent of breadth of frequency tuning.
Effects of Serial Position Related to Contour
In beginning to consider factors that could account for the effects of contour, it is important to note that changes in contour also involve changes in the serial position of various frequencies, except for the tone in the third In order to investigate this possibility, one need only consult data for responses to monotone sequences; because all tones are the same frequency, it is possible to note whether or not responses are related to serial position independent of change of contour. Figure 2C shows this sequence for the cell under consideration (i.e., T21DF) for the one frequency (4.0 kHz) that elicited responses. Note that serial position does affect response magnitude; when given in first position, the response is weakest, and it is strongest in the third position. This serial position effect could explain the lack of good response to 4.0 kHz for the mixed contour, where it was presented in first position (compare Figures  2C and 5C ).
An even more striking case is that for Cell T14EL, which we considered earlier. This neuron had strong, highly consistent responses to all tones for at least one type of contour, except for 10 kHz; this frequency failed to elicit discharges for ascending sequences ( Figure 3A,B) , had only a weak response in the "mixed" contour ( Figure 3D ), and a modest response for the descending contour ( Figure 3C) . A serial position effect could account for one aspect of these data, namely, the absence of response in the ascending sequences. Evidence in support of this conclusion is provided in the montone data for 10.0 kHz ( Figure 2D ). Note the absence of response to the first tone of the pentad; the ascending contour also had 10.0 kHz in the first position ( Figure 3A,B) . Other aspects of contour effects that cannot be explained by serial position are discussed in a later section. This example does illustrate the fact that even neurons with very strong responses to several tones may nonetheless be subject to the effects of serial position.
We found a serial position effect in 57% (16/28) of the neurons tested (AI = 10/17; All = 6/1 1). So position effects are not uncommon. In order to determine the extent to which this type of effect might actually account for the effect of changing contour, we tallied neurons that exhibited both effects. This yielded a sample of 11 cells, eight of which had a contour effect that could be explained by the effect of serial position.
Contour Effects Independent of Serial Position
The analysis of serial position suggests that tone-evoked discharges of single neurons may be sensitive to contour, at least at the level of tonal components within a pentad, because they are also sensitive to serial position, and changes in contour may be confounded with changes in position. One might conclude that neurons are not genuinely affected by contour per se. However, this is not the case. We turn now to evidence that factors other than serial position must be at work.
There are two general ways to demonstrate that contour per se is important for neuronal responses, when serial position is controlled. First, the position of the third tone in a pentad was never changed. Therefore, differences between contour types upon discharges to the third tone could not be due to serial position. Second, regardless of responses to the third tone, careful comparison of response magnitudes for ascending, descending, mixed, and monotone sequences provides sufficient data for eliminating serial position.
Third Tone Effects
We begin with an example of data for the third tone. Figure 6 shows histograms of neuronal discharges and a statistical summary for Neuron T14ED (primary auditory cortex). The histograms are a bit more complicated than those for previous neurons because this cell exhibited responses at the termination of the tone ("off" responses) as well as the more common responses at tone onset ("on" responses). This cell also showed discharge suppression following onset discharges for most tones. This "onsuppression-off" pattern is not unusual in auditory cortex.
Responses to tone onset were larger in the ascending ( Figure 6A ) than in the descending ( Figure 6B ) sequences for the last three tones of the pentad ( Figure 6C ). Included among these is the third tone (5.2 kHz). As pointed out above, a "third tone effect" cannot be explained by serial position. It is also interesting that significant differences to the "off" response were obtained and that changing contour does not necessarily involve a close relationship between on and off effects. For example, the third tone had the same off response in both ascending and descending sequences ( Figure 6D ), while the second tone exhibited no effect for "on" responses to the second tone (4.0 kHz), but its "off" response was larger for the descending sequence. This relative independence of on and off responses to the same tone demonstrates a high degree of specificity for contour effects and argues against general excitability changes as explanations for contour sensitivity.
Another selective effect involving responses to the third tone is presented in Figure 7 (Cell T10A2). This particular neuron responded to some tones with discharges following its responses to tone onset. These long latency secondary peaks following the onset peak, or sustained discharges during the tone (e.g., 50-300 msec), are termed "thru" responses. Such discharges are indicated by a "v" in Figure 7A . Changing contour from ascending to mixed types had no significant effect for the "on" response to the third tone (5.2 kHz, Figure 7C ). However, the "thru" response to this same tone, clearly evident in the ascending sequence, was abolished in the mixed sequence ( Figure 7D ). Furthermore, while there was no "off" response for . These data illustrate the fact that sensitivity to different contours, independent of serial position, may be quite specific for the different components of response to a tone. In this case, a robust "off" response was produced to the third tone in the mixed but not in the ascending sequence, with a significant decrease in the "thru" response for this tone. The "on" response to 6.5 kHz (Tone 4) was also significantly different between the two sequences (intertone interval = 900 msec).
ascending tones, a very clear and prominent "off" response was present during the mixed sequence ( Figure 7B , arrow and Figure 7E ). In short, contour affected responses to the third tone in a highly specific manner: the mixed sequence produced no change for the "on," abolished the "thru," and elicited an "off" response.
Contour Effects for Other Serial Positions
Next, let us consider more complex cases in which a position effect cannot account for the effect of changing contour even when contour type and change in serial position of a frequency both change (i.e., for tones not in the third position).
Neuron T14EL, previously considered, had a very weak response to 10.0 kHz at the fourth position in the mixed sequence ( Figure 3D ). Reference to this neuron's monotone sequence for 10.0 kHz shows a strong response at the fourth position ( Figure 2D) . Hence, the weak response to this stimulus in the mixed sequence cannot be accounted for by a serial position effect.
Another cell that we discussed earlier (T21DF) provides an even more interesting example of contour effects not completely explicable by recourse to serial positon. This neuron had a large response only when 4.0 kHz presented in the ascending contour ( Figure 5 ). We also pointed out that serial position could explain the weak response to 4.0 kHz presented in the first position in the mixed sequence ( Figure 5C ) because this stimulus also elicits a weak response in first position in the monotone sequence ( Figure  2C ). But it can now be seen that position can't explain the poor response to 4.0 kHz in the fourth position of the descending sequence because this same stimulus elicits a clear response at the fourth position in the monotone sequence (compare Figures 5B and 2C, respectively) . Most importantly, the very large response to this same frequency in the second position of the ascending contour can't be explained by the modest response at this same position within the monotone sequence ( Figures 5 A and 2C, respectively) . Hence, a given neuron may be sensitive to both contour and serial position.
Possible Influence of "Interval Distance"
Although contour effects, not explicable by serial position, suggest other mechanisms, we have not yet undertaken a systematic investigation of such factors. However, we have noted one possible explanation which bears further study. We refer to the "interval distance" between two adjacent frequencies. For example, in Figures 3 and 4 , Cell T14EL shows a facilitation of response to the 10.0-kHz stimulus in the descending sequence relative to the mixed sequence. (We have already seen that the absence of response in the ascending sequence might be due to a position effect.) Facilitation of response to 10.0 kHz in the descending sequence is preceded by an 1 1.0-kHz tone. In contrast, the smaller response to 10.0 kHz in the mixed sequence is immediately preceded by a 12.0-kHz tone, which is at twice the interval distance as that between 10.0 and 11.0 kHz. It is possible that the nearby stimulus provides more subthreshold excitation than the distant stimulus, because of the well known partially shifted overlap of excitatory input from the medial geniculate nucleus of the thalamus. Extensive parametric studies will be required to clarify the role of interval distance, including possible interaction with temporal distance from the tone in question.
Additional Effects of Contour
So far, we have been concerned with different responses to different contours. We have shown that neuronal responses to the same frequency can depend upon whether the tone is presented within an ascending, descending, or "mixed" sequence. It is also clear that some, but not all, contour effects may be explained by the serial position of the tone. We have further suggested that magnitude of the interval of an adjacent tone can be an important factor. In concluding our presentation of contour, we now present evidence that even in the absence of sensitivity to contour differences, the presentation of tones within ascending, descending and mixed sequences can have effects which are quite startling. We refer to two effects: response facilitation and frequency tuning shifts.
Response Facilitation by Contour
Responses to the same tone can be larger when that tone is presented within a sequence of tones of different fequencies (i.e., ascending, descending, mixed) compared to a sequence of tones of the same frequency (i.e., monotone). This comparison is operationally one between "contour" and "no contour" conditions, respectively.
For example, Cell Ml AB responded best to 12.0, 13.0, and particularly 14.0 kHz in montone sequences ( Figure 8A ). It also responded best to these same frequencies in ascending and descending sequences ( Figure 8B ). There were no significant differences between the two types of contour ( Figure  8C ). Nonetheless, this cell responded significantly better to 12.0 and 14.0 kHz in the contour conditions than in the "no contour," monotone condition ( Figures 8D,E) . Thus, response facilitation can occur merely by presenting differing frequencies even in the absence of sensitivity to different contour.
Frequency Tuning
Determination of the frequency tuning of a single neuron may be influenced by state of anesthesia, and perhaps other organismic variables (Goldstein & Abeles, 1975 ). Findings present above show that frequency response varies with contour, but in none of those examples did either the range of frequency tuning or the best frequency depend upon the type of stimuli used. In the present case, we show that both of these characteristics may differ when they are determined by the use of isolated tone ("isotones") and sequences of tones. that is, the range of response was narrower as indexed by the absence of response to 12.0 kHz. That this restriction of frequency range was due to the contour per se, rather than to contour direction, is evident by the fact that there was no difference in response between the ascending and descending sequences (Figures 9 A, 10A) .
This cell was then tested at a narrower frequency range, 10.6-11.4 kHz. The isotones showed the BF at 11.0, as expected, with good responses at all frequencies except 10.6 kHz ( Figure 9B ). However, when tested with ascending and descending contours, there was virtually no response to the BF of 11.0 kHz, and the previously ineffective frequency, 10.6 kHz, elicited the strongest responses ( Figure 10B ). These data indicate that frequency response range is not a fixed property of neurons, and that both the range and even the best frequency may depend upon whether isotones or sequences with frequency contour are employed.
Effects of Stimulus Omission
Although we concentrated on the possible effects of contour on the responses of single neurons, opportunity also presented itself to initiate an inquiry into the effects of omitting a stimulus after previously presenting the entire pentad repeatedly. The criterion for an omission effect was a statistically significant difference in response to the same tone between the entire pentad and the omission sequence. Omission effects were found for all types of sequences: ascending, descending, mixed, and monotone. Two sorts of findings emerged, about equally often: facilitation and depression of responses to other tones in the sequence. Although unanticipated, the effects of omission were the only findings that differed significantly between cortical fields: most neurons in AI (13/18) were affected by omission, but, remarkably, all neurons tested in auditory field All (21/21) exhibited omission effects (Chi square = 4.436, p< .05).
An example of facilitation of response to tones following the omission is provided in Figure 1 IB (Cell T10B1 ). This particular neuron responded to tones between 19.0 and 13.0 kHz with a modest suppression during presence of the tones, and some "rebound" excitation following tone offset, during posttone periods. During omission of the second tone (17.5 kHz), the suppressions during tones are stronger and the posttone discharges are The effects of facilitation, were not restricted to subsequent tones within the sequence, but could include tones "preceding" the gap. This apparent violation of causality was actually because omission during one repetition altered responses to tones at the beginning of the following sequence. For example, Figure 1 1 A presents poststimulus histograms for Neuron T14CL, which was narrowly tuned and responded only to 2.0 kHz presented in an ascending contour in the second serial position (Figure 11 A, top) . During the time that Tone 3 was omitted, the response to this same frequency was significantly facilitated (Figure 11B, bottom) . Note that small off responses to tones following the omission were also facilitated, but these effects were much smaller. The effects of omission, then, can occur over considerable intervals of time; in the present case, this is the time from the "scheduled" onset of the omitted Tone 3 to the onset of Tone 2 in the following repetition of the sequence, a total of 2900 msec.
An example of response depression due to the omission of a stimulus is presented in Figure 11C . Cell T21F1 responded to all tones (0.2-1.0 kHz), most strongly to the second tone (0.4 kHz). During omission of the third tone, responses to all frequencies, including the pronounced response to the best frequency, were significantly depressed.
It is some interest that both facilitation and depression consequent to stimulus omission do not require that the omitted stimulus previously have a strong response, that is, either elicit or suppress discharges. Thus, in each of the examples discussed here, and the rule in other cases, none of the stimuli that were later omitted had very strong responses during their presentation (Figure 11 A, B, C, top) .
Discussion
Summary of Findings
Single neurons in the auditory cortex of the unanesthetized, waking cat appear to be sensitive to contour. The vast majority of cells respond significantly differently to one or more tones within sequences consisting of five different tones when such sequences have a monotonie ascending or descending contour, or a nonmonotonic ("mixed") contour. The sensitivity to different contours could be highly specific, affecting only a single tone within a pentad, and even differentially affecting responses to different components of responses to a tone, namely "onset, offset, and thru" discharges.
Because changing contour involves a confounding of type of frequency change with the serial position of a given tone, we studied the effects of serial position per se, using sequences consisting of the same tone ("monotones"). We found that many cells were sensitive to the serial position of a tone and that some effects of changing contour could be accounted for by changes in serial position. However, many contour effects could not be explained by the effects of serial position, including those for the third tone in a sequence, which was always the same frequency for all contour sequences. Preliminary evidence suggested that interval distance between temporally adjacent tones might be important for sensitivity to changing contour.
In addition, contour per se could affect single neuron responses to tones even in cases in which changing contour did not alter discharge. Two effects were noted. First, responses to a given tone were facilitated when that tone was presented in a sequence involving frequency change (i.e., ascending, descending, and mixed) vs. a sequence consisting of identical tones. Second, the range of frequency response and even the best frequency of a neuron could depend upon whether stimuli were presented within a sequence that changed in contour compared to presentation of isolated tones.
Finally, a noncontour effect was studied, namely, the effects of omitting one tone within a sequence. Most neurons exhibited either facilitation or reduction of response to other tones in the sequence when one stimulus was replaced by a gap of silence. The effects could be observed over periods as great as 3000 msec.
While all effects were found to be highly probable in both the tonotopic primary cortical field AI and the nontonotopic auditory field. All, the incidence of occurrence differed significantly only for the omission effects; these were more prevalent in the secondary auditory field.
Relationships to Previous Neurophysiological Studies
The current discussion concerns itself with relationships to previous neurophysiological studies that are of greatest potential relevance to music perception, particular as related to structured and sequential stimuli and to frequency contour. More detailed consideration of neurophysiological mechanisms at the cellular level have been presented elsewhere (McKenna, Weinberger, &c Diamond, submitted).
Sensitivity of Neurons to Frequency Change
To the best of our knowledge, there are very few reports of the responses of single neurons in the auditory system to sequences consisting of more than two tones (see Hocherman & Gilat, 1981) . Espinoza and Gerstein (1984) recorded simultaneously from two neighboring neurons in the auditory cortex of lightly sedated cats during the presentation of all permutations of tonal triads. They reported that the cross-correlation of the responses to the third tone depended on the order of the first and second tones. This effect was attributed to the dependence of intracortical functional connectivity upon tonal order.
We cannot directly compare these findings to the present data because Espinoza and Gerstein reported only the cross-correlation data, not the responses of individual neurons. The elegance and potential importance of recording simultaneously from two or more neurons are considerable. At the very least, our present findings (see also McKenna et al., 1984) extend the processing or detection of contour differences to the level of single neurons in both primary and secondary auditory cortical fields.
The sensitivity of single neurons in auditory cortex to frequency change has been studied more extensively using frequency modulated (FM) tones. In a pioneering study, Whitfield and Evans (Evans & Whitfield, 1964 , Whitfield & Evans, 1965 reported that approximately 10% of the neurons in the cat auditory cortex responded to tonal stimuli only if the frequency were changing. Some of these neurons exhibited a selectivity for frequency modulation in a particular direction (ascending or descending). The sensitivity to different contours reported here is in some sense comparable to those findings. We presented frequency change using iso-intensity tones separated by silent intervals and detected differential responses as a function of tone sequence types in a much larger proportion of neurons. We also observed some neurons that responded only to a tone presented in one type of contour (e.g., Figure 5 ). These authors (Evans, 1974 , Whitfield & Evans, 1965 ) also reported that neurons responded to sinusoidally frequency modulated tones over a range of modulation frequencies of 0.5 to 15 Hz. Different tones were presented in this study at the rate of 1.66 Hz., that is, within the range that they found effective. Future studies might be well advised to obtain both FM and tone sequence data from the same neurons to investigate the possibility that neuronal sensitivity to both types of frequency change have common mechanisms.
Recently, Mendelson and Cynader (1985) reported that 65% of the neurons sampled in AI cortex of the cat responded at least twice as well for one direction of an FM sweep as for the other direction. This is closer to the proportion of cells exhibiting significant contour effects in the present study (82%). These investigators also examined the relationship of peak firing rate to FM sweep speed, measured in kiloHertz per millisecond. They reported two cells that exhibited a maximum of peak firing rate (and maximum directional selectivity) at 0.1 and 0.2 kHz/msec sweep speeds. They also found neurons whose response was still increasing at the fastest speed used, 0.8 kHz/msec. These sweep speeds are considerably faster than the rates of frequency change used here, which were typically 0.001 to 0.002 kHz/msec (highest minus lowest frequency divided by sequence duration). Hence, tone sequences with a faster tone repetition rate than we employed might produce even more robust contour effects than we observed.
Suga has used a number of complex stimuli designed to emulate the most silient features of bat calls (Suga, 1982; Suga et al., 1983) . He discovered several different cortical areas, each with a systematic representation of particular stimulus parameters. Although none of the stimulus sequences used contained simple constant frequency tone sequences, such as those presented here, data from the bat's FM-FM area appear relevant to our results (Suga et al., 1983) . Its neurons are very sensitive to the delay interval between the two sharp FM sweeps (over a range of approximately 0.6 to 18 msec). In the case of the neurons exhibiting position effects in the present study, intertone intervals of 300 to 900 msec were effective in producing a response to the second tone, whereas delays longer than this were ineffective; delays shorter than this were not examined. Thus the process underlying the position effect in cat auditory cortical neurons is active over a much longer time domain than that demonstrated for bat FM-FM neurons. This is expected, of course, from the requirements of an echolocating system. It appears likely that the duration over which stimulus interactions occur is constrained by the adaptive use or "task" of the system in question.
A major advantage of the study of the bat biosonar system is that the meaning of the signals and the task of the system are both known. Neither of these is the case for the tone sequences employed here. On the other hand, the testing of biosonar systems with arbitrary tone sequences is not likely to be enlightening but the use of such "music-like" stimuli in other auditory systems may prove beneficial. For example, it is well known that training results in the improvement of recognition of melodies (e.g., Watson, 1980) , that is, learning alters music perception. Learning is also known to alter the responses of auditory cortical neurons ( Temporal interactions between tones would seem to be of critical importance in any mechanism concerned with the processing of melodic information. Ra vizza and Belmore (1978) have argued strongly that auditory cortex can serve as a substrate for complex temporal processing, including temporally extended processing of brief acoustic signals.
Brief temporal dependence has been described by Abeles and Goldstein (1972) , who examined the responses of neurons in primary auditory cortex to tone pairs in the unanesthetized cat. These tones began at different times, but they overlapped, and the first tone suppressed the response to the second tone when the two frequencies were near each other. This suppression lasted from 20 to 200 msec after the offset of the first tone.
An even longer temporal dependence of cell responsiveness has been reported for cat auditory cortex (under conditions of nitrous oxide anesthesia) by Hocherman and Gilat (1981) . These investigators found that increasing the intertone interval of monotone sequences (or white noise bursts) from 550 to 900 msec, or from 900 to 1600 msec, produced a 24% increase in neuronal firing rate. This was interpreted as indicating that a preceding tone results in a reduction in cell excitability, and that the process by which this excitability is restored is active for at least 1.6 sec. The present study has found enhancements of cell excitability following a tonal stimulus extending as long as 3 sec. (Figure 11 A) . Evans (1974) described a "few neurons which require repeated presentations of the same stimulus for a response." Enhanced responsiveness of neurons for extended periods after presentation of particular tonal configurations also may be a factor in the central processing of species-specific calls. For example, Margoliash (1983) has described a small population of neurons in the forebrain of the white-crowned sparrow which are selective for the song of that species. The stimulus properties were analyzed for one subset of these song-specific neurons, the "whistle-whistle units." These neurons respond after at least two whistle phrases of a call, responding to the second phrase, but they respond poorly, or with inhibition, to the individual phrases. These cells also responded to sequences of two tones of the same or nearby frequencies. The neurons responded to the second tone for intertone intervals of up to several hundred milliseconds. We have observed a similar phenomenon, in particular, neurons that required at least two stimuli in monotone sequences ( Figure 2D ; for additional details, see McKenna, Weinberger, & Diamond, submitted).
In squirrel monkey auditory cortex, a small proportion of neurons respond selectively to species-specific calls. Some of these cells also failed to respond to tones. Since most squirrel monkey calls are spectrally complex, comparison with tone sequences is not straightforward. Nevertheless these studies provided some observations relevant to the present inquiry. Glass and Wolberg (1983) presented monkey calls forward and backward and found that only 14% of the neurons responded solely to the forward call. This provided evidence that the neurons were responding to the call sequence, not merely to the components of the call. However, more germane to the present study, 89% of the AI cells and 71% of the All cells exhibited different responses to the forward and backward calls. This is similar to the percentage of cells in the present study that were sensitive to change of frequency contour.
Previous studies of All cortex in the cat reported that neurons in this area differ from AI in the following respects: (1) &C Diamond, 1987) . In contrast to these distinctions, sensitivity to frequency contour was remarkably similar in AI and AIL Therefore, contour effects transcend characteristics that differentiate "primary" and "secondary" types of auditory cortex.
Effects of Stimulus Omission
The effects of stimulus omission were observed significantly more often in area All than AI. It is remarkable that all neurons (21/21) in All were affected by stimulus omission. Therefore, these two types of auditory field can be distinguished on the basis of their sensitivity to at least one type of change in tone sequences, in addition to previously reported differential characteristics.
The only previous report of omission effects we have found is that by Wollberg and Newman (1972) for two cortical cells in monkey. Responses to spectrally simple calls (isolation peep) were compared to the response to this call with a silent gap introduced in the middle. Both of these cells exhibited omission effects, with the response to the two call fragments increasing for one cell, and decreasing in the other, relative to the response to the complete call.
The effects of stimulus omission reported here require further study. For example, omission was instituted only after the full pentad had been presented repeatedly. It is important to determine whether either or both facilitation and depression of response to other tones during omission of one tone requires previous experience with the entire pentad. Of course, parametric studies of the imposition of silent periods are needed. It is known that such gaps can serve as powerful cues for grouping within longer sequences of tones (Deutsch, 1982) .
The usual explanation for facilitation or depression of response due to omission of a stimulus would suggest that the tone in question evoked inhibition or excitation, respectively, and that absence of this tone permitted expression of responses to other stimuli in the absence of such effects. Be that as it may, the omission data reported here do not support this type of interpretation. For example, Figure 1 1 presents data from three neurons for which the tone-to-be-omitted did not evoke strong excitation or suppression. Nonetheless, stimulus omission did have pronounced effects. Therefore, the omission technique may have revealed subthreshold effects of the omitted tone and thereby could serve as a means of revealing interactions among sequentially presented tones which may last for periods long enough to be relevant to perceptual processes in music (Deutsch, 1982) . As pointed out above, Espinosa ScGerstein (1984) have presented evidence that the interaction of cortical neurons is dependent on the order of tone sequences. Another view, which combines both the temporal and acoustic frequency parameters into a single mechanism, is provided by Shaw's theory of the cyclic flow of activity through the sensory cortex (Shaw, 1978 Shaw et al., 1985) . This theory postulates that sensory evoked neural activity flows horizontally across sensory cortex and that this flow will pass through a given neuronal ensemble (e.g., cell column) more than once (see also Pearson et al., 1983) . Application of this theory to the tonotopically organized AI cortex would lead to the prediction that the pattern of responses to tone sequences would depend upon both the relative timing and frequency of the tones. Moreover, this theory provides an explanation of some apparent retrograde effects we observed. For example, omission of a tone often altered the response to preceding tones within a sequence. Since these tone sequences were repeated (25 times) this omission effect on particular early tones could be explained by a cyclic flow of activity set up by the tone sequence. This cyclic flow could result in altered responses at any position of the tone sequence. In this view the response pattern to different tone sequences is dependent upon the tone pattern because different cyclic flows of activity are set up at the cortical level. Of course, the effects we have observed could also be due to neuronal interactions at subcortical levels of the auditory system. However, the effects reported here for tone sequences have yet to be demonstrated in subcortical sites, and the existing studies at subcortical levels report suppression of responses during sequential acoustic stimuli but not enhancements 
Toward a Neurophysiology of Music Perception
There is often a tendency to extrapolate findings beyond reason. The subtitle of this paper and this section could be misinterpreted in this vein. We believe that we realize something of the distance between the present type of finding and an ultimately satisfactory account of the neurophysiology of music perception, although there has not yet been a full explication of the involved empirical questions and theoretical issues. Our willingness to speculate about the relevance of the present findings to the perception of music is probably proportional to the distance referred to above.
Contour
Within both development and adult learning, it appears that there is a regular sequence in which sensitivity to certain aspects of music make themselves known: pitch, contour, tonality, and interval size. Apparently, infants as young as 5 months can perceive and differentially respond to changes in pitch and contour (for review see Dowling, 1982) . Our present concern is with contour.
We did not manipulate contour in as complete a manner as done in perceptual studies with humans. For example, we did not maintain the same contour while altering the frequencies and/or the frequency intervals. It seems, nonetheless, that single neurons are sensitive to differences in contour. At present, we cannot "decode" the various aspects of a neuron's discharges in auditory cortex, nor can we provide any systematic rules for why the effects of changing contour occur for this or that tone within a sequence, etc. In short, we have been able to detect sensitivity to contour at the level of individual cortical neurons, but not yet understand it.
Nonetheless, we believe it is of some importance to have obtained the positive findings reported here on at least two grounds. First, more than 80% of neurons studied are sensitive to changes in contour. Thus, we are not dealing with a weak or insubstantial property of cortical neurons.
Second, as studied to date, sensitivity to contour is a pervasive characteristic that is present (1) in an arbitrarily selected animal (the cat), (2) at the level of single neurons, and (3) at both the earliest stage of cortical processing and at a higher stage. Regarding the second point, sensitivity to contour might have proven to be an emergent property of neuronal ensembles, but not evident at the level of the discharges of single neurons. As to the third point, this property might have been found only in "higher" cortical areas (e.g., All). However, it is present in the primary auditory cortical field (AI), which is at the earliest stage of cortical processing.
This pervasive characteristic of contour is consistent with the view that contour is in some sense a "basic" aspect of the perception of sequential acoustic stimulation. Because behavioral sensitivity to contour is present at a very early age in humans, it is possible that neural mechanisms of selective response to "direction" of frequency change represent an evolutionarily conserved property which is available at or shortly after birth in humans and other animals. This could be so although humans are not descended from cats. For example, Kuhl (1978 Kuhl ( , 1981 has argued that mechanisms for processing complex acoustic stimulation in animals have been conserved and place constraints on the selection of phonetic contrasts used in human language, even though they obviously do not serve such functions in nonhumans.
Serial Position
We have not emphasized the effects of serial position of tones within sequences except as they suggest confounds with changes in contour. However, one should consider another perspective. Neuronal sensitivity to serial position may be one of the mechanisms by which sensitivity to contour is achieved. Whether or not the perception of tonal sequences is in some sense dependent upon the order in which various frequencies are presented, there seems little doubt that single neurons in the auditory cortex of the cat somehow do "track" the serial position of a tone. One aspect of this can involve responding only to the second stimulus of a pair of consecutively presented tones. Serial position effects themselves deserve direct inquiry.
Acoustic Sequences
A major question in the processing of temporally extended acoustic stimuli concerns the locus of involved neural substrates. It could be argued that the auditory system itself is specialized for the analysis of sound, particularly its spectral components and location in space. However, more complex, memory-dependent processes would be handled by other parts of the cerebral cortex, including those somewhat removed from sensory cortex. This issue is certainly not resolved. We favor a critical dynamic role for all auditory cortical fields in perception, learning and memory (for review see Weinberger & Diamond, 1987 ). The present findings provide evidence in support of the involvement of auditory cortex in temporally extended processing (see also Ravizza & Belmore, 1978) .
The necessity of mechanisms of short-term auditory memory, or temporally extended processing for acoustic sequences has been extensively studied; references here are for illustration only.
For example, short-term acoustic memory is essential for the processing of sequential acoustic signals like speech (Huggins, 1975) . Massaro (1976) has presented evidence, based on tone-masking experiments, for a two stage processing of acoustic signals: a preperceptual auditory storage lasting about 250 msec, followed by a synthesized auditory memory which holds a representation of early sounds of a sequence for comparison and synthesis with later sounds. The latter process may extend for seconds. It appears at least plausible that the temporally extended processing of auditory information exhibited by auditory cortical neurons may contribute to such a synthesis.
Another aspect of tone grouping is temporal coherence, the perception that a series of tones forms a connected sequence. In order to maintain the percept of temporal coherence for a tone sequence, the rate of presentation of the tones must be made progressively slower as the size of the frequency steps is increased (Deutsch, 1982) . This tradeoff between temporal and frequency parameters has important implications for neural mechanisms of auditory information processing. In the preceding analysis we stressed the temporal, or serial, nature of the effects that we found in auditory cortex. We discussed these effects in terms of possible mechanisms such as decreased or enhanced neuronal responsiveness extending over particular durations. However, sequential presentation of different frequencies will also sequentially activate different neuronal ensembles at various levels of the auditory system, and functional connections between these ensembles may be another factor in determining neuronal responses. Warren (1982 , Warren & Ackroff, 1976 , Warren & Obusek, 1972 ) has presented evidence that human subjects can discriminate between sound sequences differing in the order of their elements even when these subjects cannot distinguish the order of the individual elements, or the elements themselves. He refers to such capabilities as wholistic pattern recognition. This ability may be related to the grouping principals proposed by Deutsch (1982) . The neural basis for such mechanisms is unknown, but our results indicate that even at the level of the primary auditory cortex, neurons are capable of encoding permutations of tone sequences in the form of discharge patterns which are not a concatenation of the responses to the individual tones.
Toward Future Investigations
Data summarized here may be regarded as fairly primitive with respect to music perception. We regard them as particularly interesting both because of the paucity of research in the neurophysiology of tonal sequences and the surprisingly strong and prevalent effects of stimulus manipulations. Perhaps the main message is that the processing of dynamic stimuli may not easily, or perhaps ever, be understood on the basis of data from isolated stimuli, particularly those obtained from anesthetized animals.
Future neurophysiological investigations of structured acoustic stimulation should include systematic study of temporal and interval parameters, include other cortical fields and be conducted at other levels of the auditory system. The current findings are moot on the question of the extent to which sensitivity to contour is limited to auditory cortex. They do suggest that distinctions between cortical fields may be made on the basis of some fairly complex characteristics, such as the effects of stimulus omission as in the present case.
Additional investigations would benefit from the use of sequences based on human psychophysical studies and from a closer relationship to psychophysical data from animals employed as subjects. Of additional importance is the recognition that the current findings from single neurons are subject to the usual sampling bias, that is, an overrepresentation of recordings from larger neurons, and that the intracortical processing of acoustic sequences is not much enlightened by the present type of data. It is quite likely, as already demonstrated by Espinoza and Gerstein, that interactions between or among neurons, that is, presumptive functional neuronal assemblies or ensembles (whichever term is preferred), will prove to be an essential field of inquiry for achieving an adequate account of the neural principles underlying the processing and storage of information, both of which are requisite for the perception and appreciation of music.
It appears presently feasible to study neurophysiologically several perceptual phenomena that have been identified as important in the organization of musical experience. These include frequency proximity, timbre, temporal proximity, slight differences in pitch or loudness, and the spontaneous grouping of cadences. In fact, the monotone sequences employed here could be extended in time to study the latter problem.
Despite all of the difficulties, it seems likely that the intensified study of dynamic acoustic stimuli will be of great benefit, if not actually a necessity, to an adequate understanding of the neural bases of the perception of temporally structured sound. This, at least to the present investigators, is an essential aspect of the definition of music.2
